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The initiation of calcium release at fertilization in the eggs of most animals relies on the production of IP3, implicating the
activation of phospholipase C. Recent work has demonstrated that injection of PLC-g SH2 domain fusion proteins into
starfish eggs specifically inhibits the initiation of calcium release in response to sperm, indicating that PLC-g is necessary
for Ca21 release at fertilization [Carroll et al. (1997) J. Cell Biol. 138, 1303–1311]. Here we investigate how PLC-g may be
ctivated, by using the PLC-g SH2 domain fusion protein as an affinity matrix to identify interacting proteins. A tyrosine
kinase activity and an egg protein of ca. Mr 58 K that is recognized by an antibody directed against Src family tyrosine
kinases associate with PLC-g SH2 domains in a fertilization-dependent manner. These associations are detected by 15 s
ostfertilization, consistent with a function in releasing Ca21. Calcium ionophore treatment of eggs did not cause
ssociation of the kinase activity or of the Src family protein with the PLC-g SH2 domains. These data identify an egg Src








Egg activation at fertilization is marked by an increase in
intracellular free Ca21 (Jaffe, 1985; Kline et al., 1988; Whi-
aker and Steinhardt, 1985). In echinoderm eggs, Ca21 stored
n the endoplasmic reticulum (ER) is released into the
ytosol in response to an increase in levels of inositol
risphosphate (IP31; Ciapa and Whitaker, 1986; Jaffe, 1996;
ohri et al., 1995; Whitaker and Irvine, 1984). Similarly,
P3 is believed to be responsible, at least in part, for Ca21
release in vertebrate fertilization (Jaffe, 1996; Miyazaki et
l., 1992). This increase in IP3 could be mediated by either
the b or g isoforms of phospholipase C (PLC), as both
isoforms have been indirectly demonstrated to be capable of
generating IP3 in echinoderm, frog, and mammalian eggs
Kline et al., 1988; Shilling et al., 1990, 1994; Williams et
l., 1992, 1998; Yim et al., 1994; Mehlmann et al., 1998).
Recent work has indicated that PLC-g is the PLC isoform
responsible for initiation of Ca21 release at fertilization in
chinoderm eggs (Carroll et al., 1997, 1999). Microinjection
1 Abbreviations used: GST, glutathione-S-transferase; IP3, inosi-
r
d
ol trisphosphate; PLC, phospholipase C; PIP2, phosphatidylinosi-
tol 4,5-bisphosphate.
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Carroll et al., 1997) and sea urchin (Carroll et al., 1999) eggs
nhibited the initiation of Ca21 release in response to sperm.
This inhibition was both concentration-dependent and spe-
cific (Carroll et al., 1997, 1999). This PLC-g SH2 domain
usion protein is an effective inhibitor of PLCg in mamma-
lian cells as well and has been proposed to act as a
competitive inhibitor by blocking activation of its endoge-
nous cellular counterpart by sequestering proteins that
normally interact with PLC-g SH2 domains (Roche et al.,
996; Mehlmann et al., 1998; Wang et al., 1998). Interest-
ngly, however, PLC-g SH2 domains do not inhibit Ca21
release at fertilization in mouse eggs (Mehlmann et al.,
1998), indicating that this aspect of signaling or of PLC
regulation at fertilization may differ between echinoderms
and mammals.
The goal of the work presented here is to examine how
fertilization may activate PLC-g at fertilization of starfish
eggs. PLC-g activity is most commonly regulated via ty-
osine phosphorylation (reviewed in Rhee and Bae, 1997).
ctivation of a receptor or nonreceptor tyrosine kinaseesults in an interaction between the kinase and the SH2































190 Giusti et al.1992; Valius and Kazlauskas, 1993); the tyrosine kinase
then phosphorylates PLC-g, activating the enzyme (Boulton
et al., 1994; Kim et al., 1990, 1991). In sea urchin eggs,
harmacological tyrosine kinase inhibitors do not block
ertilization envelope elevation, but they do cause
olyspermy (Kinsey, 1995; Moore and Kinsey, 1995; Wright
nd Schatten, 1995), suggesting that inhibition of tyrosine
inase activity may partially inhibit or delay Ca21 release
see Shen et al., 1999). An increase in tyrosine kinase
ctivity and an increase in tyrosine-phosphorylated pro-
eins at fertilization has been observed in both starfish and
ea urchin eggs (Ciapa and Epel, 1991; Kamel et al., 1986;
Kinsey, 1996, 1997; Moore and Kinsey, 1994; Peaucellier et
al., 1988, 1993; Satoh and Garbers, 1985). However, the
identity of tyrosine kinases(s), if any, which act upon PLC-g
at fertilization is unknown.
In mammalian tissue culture cell systems, identification
of tyrosine kinases and other proteins which might interact
with PLC-g has been accomplished by using the recombi-
ant SH2 domains as affinity interaction matrices (e.g.,
ish et al., 1995; Law et al., 1996; Maa et al., 1994; Sieh et
al., 1994; Sillman and Monroe, 1995; Weber et al., 1992).
Here, we have employed this same strategy to identify
starfish egg proteins which bind specifically to the SH2
domains of PLC-g. Egg proteins that associated specifically
with the PLC-g SH2 domain fusion protein were assessed
for tyrosine kinase activity and immunoreactivity with a
polyclonal antibody directed against vertebrate Src family
tyrosine kinases. The data suggest that a Src family tyrosine
kinase of ca. Mr 58 K is a potential upstream regulator of
LC-g activity in the activation pathway of starfish eggs.
MATERIALS AND METHODS
Maintenance of animals and gamete collection. Adult Aste-
rina miniata were collected from the Santa Barbara Channel and
aintained in open system aquaria at 10–12°C. Ovary and testis
ere collected through a hole in the dorsal surface of the animal,
ade with a 3-mm sample corer (Fine Science Tools, Foster City,
A). Mature eggs were obtained by incubating the excised ovary in
.22-mm filtered natural sea water (FSW) containing 2 mM
1-methyladenine (Sigma Chemical Co., St. Louis, MO). Eggs were
washed three times by gravity settling in 100 ml of FSW and were
fertilized between 15 and 45 min after germinal vesicle breakdown,
prior to first polar body emission. Sperm was obtained by mincing
the testis, followed by centrifugation for 1 min at 3000g to separate
the sperm suspension from other testis tissue. For each experiment,
a sample of eggs was assessed for general health and maturity by
fertilizing the eggs and monitoring their development over several
days.
Egg fractionation and sample preparation. Unfertilized eggs,
eggs fertilized by addition of sperm at a final dilution of 1:5000, or
eggs activated by incubation in FSW containing 1 mg/ml calcium
onophore A23187 (Sigma Chemical Co.) were centrifuged at ap-
roximately 100g, and the FSW was removed. Lysates were pre-
ared by addition of lysis buffer (1% Triton X-100, 50 mM Hepes,
H 7.5, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 5 mM NaF, 1
M Na3VO4, 10 mg/ml PMSF, 10 mM each of leupeptin, aprotonin,
m
c
Copyright © 1999 by Academic Press. All rightand benzamidine), and disruption by repeated passage through a
27-gauge needle. The time points refer to the time between sperm
addition and the lysis of the eggs. Lysates were incubated on ice for
20 min, followed by centrifugation at 16,000g for 20 min at 4°C.
The clarified supernatant, referred to as “total egg lysate,” was then
removed and stored on ice.
For some experiments, eggs were fractionated into cytosolic and
particulate components. Particulate fractions were prepared by
resuspending the egg pellets in POP buffer (50 mM Hepes, pH 7.5,
150 mM KCl, 1 mM EGTA, 1 mM EDTA, 5 mM NaF, 1 mM
Na3VO4, 10 mg/ml PMSF, 10 mM each of leupeptin, aprotonin, and
enzamidine), and disruption using a Teflon-fitted homogenizer.
he homogenate was then aliquotted into 1.5-ml microcentrifuge
ubes and centrifuged at 16,000g for 20 min at 4°C. The resulting
ellets were washed with 400 ml of additional POP buffer, centri-
fuged as above, and then solubilized directly in TX-100 lysis buffer
as described above. Protein concentration was determined by the
BCA method (Pierce Chemical Co., Rockford, IL) with BSA as the
standard.
For experiments in which sperm proteins were assessed, the
same volume of concentrated sperm that was used to fertilize eggs
was acrosome reacted by adding sperm to FSW containing dilute
egg jelly and incubation at 10°C for 30 s. The sperm were then
centrifuged at 16,000g for 2 min at 4°C. The FSW was removed, and
the sperm pellet was solubilized in the TX-100 lysis buffer as
described above. When sperm lysates were used in the affinity
interaction experiments, care was taken to insure that the concen-
tration of sperm protein used was equal to or greater than the
concentration of sperm proteins contained in lysates prepared from
fertilized egg time points. For the experiment in which sperm
lysates were mixed with lysates prepared from unfertilized eggs,
the lysates were incubated for 3 min at 4°C prior to addition of the
fusion protein. The affinity interaction experiment was then con-
ducted as described below.
GST fusion proteins. The cDNA clone encoding the GST
fusion protein of bovine PLC-g tandem SH2 domains in pGEX2T’6
Roche et al., 1996) was a kind gift from S. Courtneidge (Sugen, Inc.,
Redwood City, CA). A cDNA clone encoding a GST fusion protein
of the tandem SH2 domains of the murine phosphatase SHP2
(Adachi et al., 1996; Feng et al., 1993), was the kind gift of T.
Pawson (Mt. Sinai Hospital, Toronto, Canada) and inserted in
frame into the BamHI and EcoRI sites of pGEX2T (Pharmacia
Biotech, Piscataway, New Jersey) (Carroll et al., 1997). A cDNA
clone encoding a GST fusion with the tandem SH2 domains of
human PLC-g1 containing an arginine to lysine (R3K) point
mutation in each SH2 domain (Huang et al., 1995) was the kind gift
of P. Huang (Merck Research Laboratories, West Point, PA) and
inserted into the SmaI and BamHI sites of pGEX2T’6 (Carroll et al.,
1997). All GST fusion proteins used in this study are presented
schematically in Fig. 1.
GST fusion proteins were produced as described by Gish et al.
(1995) and purified using glutathione agarose (Sigma Chemical
Co.). Fusion protein concentrations were determined while immo-
bilized on the glutathione agarose beads using the BCA assay with
BSA as the standard.
In vitro affinity interactions. Affinity interaction experiments
were based on the method of Gish et al. (1995). TX-100 soluble
total egg lysate or particulate lysate (1 mg) was incubated with 5 mg
ST fusion protein immobilized on glutathione agarose beads.
olumes were adjusted with lysis buffer to 1 ml and incubated 90
in at 4°C with constant mixing. The beads were then collected by
entrifugation at 900g at 4°C, and the supernatant was removed.


























191Src Family Kinase and PLC-g at Egg ActivationUnbound proteins were removed by three washes with 500 ml of
lysis buffer. Gel samples were either prepared directly, or the beads
were washed with 750 ml of kinase buffer without ATP prior to the
in vitro kinase assay (see below).
Immunoprecipitation. Immunoprecipitations of tyrosine-
phosphorylated proteins were conducted by eluting proteins bound
to the PLC-g SH2 GST fusion protein beads with 1% SDS in 50 mM
Tris, pH 8.0. The SDS concentration was then adjusted to 0.1% in
TX-100 lysis buffer and 15 ml of PY-20 agarose (50% slurry;
Transduction Laboratories, Lexington, KY) was added. The samples
were incubated on a rocker at 4°C for 90 min. Immunoprecipitates
were harvested by centrifugation at 4°C, washed four times with
500 ml of the immunoprecipitation buffer, and prepared immedi-
ately for gel electrophoresis.
In vitro kinase assays. After the affinity interactions, washed
beads were equilibrated in 750 ml of ice-cold kinase buffer (10 mM
epes, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 5 mM MnCl2). This
uffer was removed and the kinase reaction started by addition of
0 ml of fresh kinase buffer containing 2.5 mM ATP and 10 mCi of
[g-32P]ATP (3000 Ci/mmol, 10 mCi/ml; Dupont NEN). Kinase
reactions were performed at room temperature for 30 min, and
stopped by dilution with 750 ml of ice-cold lysis buffer. The beads
ere collected by centrifugation, washed two times with 500 ml of
lysis buffer, and gel samples were prepared (see below). If phosphor-
ylation of a synthetic peptide was being assayed, kinase reactions
were supplemented with 250 mM of the peptide substrate. The two
yrosine kinase peptide substrates used in this study correspond to
mino acid residues 6–20 of p34cdc2 (KVEKIGEGTYGVVYK; Cheng
et al., 1992; Pierce Chemical Co.) or the autophosphorylation site
of pp60src (RRLIEDAEYAARG) from the Rous sarcoma virus trans-
orming protein (Casnellie et al., 1982; Sigma Chemical Co.). For
amples containing peptide substrates, kinase reactions were
topped by the addition of 20 ml 2X tricine sample buffer (900 mM
Tris–HCl, pH 8.45, 24% glycerol, 8% SDS, 0.01% bromophenol
blue), heated at 95°C for 10 min, and 15 ml/well was run on a
10–20% polyacrylamide gradient Tris-tricine gel (Novex, San Di-
ego, CA).
SDS–PAGE and immunoblots. Samples were prepared for elec-
trophoresis by suspension in freshly prepared Laemmli SDS sample
buffer (Laemmli, 1970) and heated at 95°C for 10 min. Following
brief centrifugation at 16,000g in a microfuge, samples were loaded
immediately on either 10–20% polyacrylamide gradient Tris-
tricine gels (Novex) or 10% polyacrylamide Tris-glycine SDS gels.
Prestained, broad range Mr standards were from Bio-Rad Laborato-
ies (Hercules, CA). After electrophoresis, gels were either stained
n 0.1% Coomassie blue R-250, destained, dried for 60 min, and
hen exposed to Fuji RX film (Fisher Scientific, Los Angeles, CA) or
rocessed for immunoblotting.
The molecular weight of the SRC-2 immunoreactive protein was
etermined after electrophoresis through a 16-cm 8% polyacryl-
mide SDS gel and comparison with broad range standards. The
alculated Mr given is the mean of three separate experiments. The
a Mr ranges of the major labeled proteins in the in vitro kinase
ssays (see Figs. 2, 4, and 7) were determined by electrophoresis
hrough 6-cm 10% polyacrylamide SDS gels, also taking the mean
f three separate experiments.
For immunoblots, gels were equilibrated in transfer buffer (0.2 M
lycine, 25 mM Tris, pH 8.8, 0.1% SDS, 25% methanol; Towbin et
l., 1979) for 15 min. Proteins were transferred to nitrocellulose
0.45 mm NitroBind, Micron Separations) for 1 Amp hour. Follow-
ing transfer, membranes were blocked in wash buffer (10 mM Tris,
pH 8; 150 mM NaCl; 0.05% Tween 20) containing 3% dry milk for
Copyright © 1999 by Academic Press. All right1 h at room temperature. The SRC-2 antibody (#sc-18; Santa Cruz
Biotechnology, Santa Cruz, CA) was diluted 1:500 (2 mg/ml) and
incubated with blots at room temperature for 1.5 h. Secondary
antibody (goat anti-rabbit IgG HRP conjugate; Transduction Labo-
ratories) was used at 1:10,000 dilution. Antibody binding was
detected using the Super Signal chemiluminescence kit from Pierce
Chemical Co. Blots were exposed immediately to Fuji RX film.
RESULTS
A Fertilization-Dependent Association of an Egg
Tyrosine Kinase Activity with PLC-g SH2 Domains
To determine if a kinase activity associated with the
PLC-g SH2 domains, GST PLC-gSH2 and control fusion
proteins (Fig. 1) immobilized on glutathione agarose beads
were incubated with lysates prepared from unfertilized eggs
FIG. 1. Recombinant GST fusion proteins used in this study. The
diagram shows the amino- and carboxy-terminal SH2 domains of
PLC-g1 and SHP2 used to make the GST fusion proteins. The X and
Y catalytic domains and the SH3 domain of PLC-g, and the
catalytic domain of SHP2 are also depicted. Fusion proteins con-
tained the following amino acid residues as well as GST: (1) bovine
PLC-g SH2 domains, 547–752: (2) human PLC-g SH2 domains-mut,
18–771, R586/694K; (3) murine SHP2 SH2 domains, 2–216; (4)
ST.and from eggs at several time points postfertilization. After
washing, kinase assays were conducted on the bound ma-



















192 Giusti et al.terial. Kinase activity was present in the bound material
derived from fertilized eggs, as evidenced by the labeling of
several proteins (Fig. 2A, lanes 2 and 3). Two major phos-
phorylated proteins (Fig. 2, arrows), in the ranges of ca. Mr
136–142 K (referred to hereafter as ;140 K) and 118–121 K
(referred to hereafter as ;120 K), were observed consistently
nd were used to follow activity throughout the study. The
otal kinase activity binding to the PLC-g SH2 domain
fusion protein increases after fertilization (Fig. 2A, compare
lanes 1–3). No fertilization-inducible kinase activity was
found to be associated with the GST control protein (Fig.
2A, lanes 7 and 8). Association of kinase activity was
dependent on a functional PLC-g SH2 domain because no
kinase activity was observed to associate with the point-
mutated, nonfunctional PLC-g SH2 domain protein (Fig.
2A, lane 10). It should be noted that the wild-type PLC-g
SH2 domain fusion protein is a bovine sequence while the
point-mutated form is a human sequence; however, it is
unlikely that species sequence differences account for the
lack of kinase association with the point-mutated SH2
domain protein because both the human and bovine wild-
type PLC-g SH2 fusion proteins inhibit Ca21 release while
he point-mutated form does not (Carroll et al., 1997).
To test the possibility that the kinase activity may be
erived from the sperm, sperm lysates prepared from
crosome-reacted sperm were incubated with the PLC-g
FIG. 2. A fertilization-dependent association of an egg kinase(s) w
particulate fractions of unfertilized eggs (UF), eggs 15 or 60 s after
procedures under Materials and Methods. 1 mg of TX-100 soluble
mixture of both unfertilized egg and acrosome reacted sperm prote
GST, PLC-g SH2 or PLC-g SH2-MUT) immobilized on glutathio
kinase buffer and subjected to an in vitro kinase assay, followed by
and exposed to film for 21 h. (A) Autoradiograph of in vitro kinase
subjected to the kinase assay as a mock control, to rule out the
indicate 32P-labeled PLC-g SH2 and PLC-g SH2-MUT fusion prote
LC-g SH2 wild-type fusion protein (see Fig. 1). The arrows denote
(;140 K, and ;120 K, respectively) that appear consistently (see
rom the PLC-g SH2 fusion protein beads (corresponding to lanes 1
nd immunoprecipitation with antiphosphotyrosine. Similar patte
f fusion proteins and lysates prepared using eggs obtained from fi
eft.SH2 fusion protein (see Materials and Methods). No kinase
activity was observed in the bound material (Fig. 2A, lane
c
i
Copyright © 1999 by Academic Press. All right). Therefore, it is likely that the kinase activity is derived
rom the egg and not the sperm, although lack of an in vitro
nteraction does not rule out an in vivo interaction. It was
mportant to assess the interaction with proteins from
perm because it is possible that the sperm delivers a
yrosine kinase which could associate with PLC-g at the
time of fusion with the egg. Egg activation at fertilization as
a result of sperm and egg cytoplasmic mixing is one of the
two most widely accepted hypotheses of egg activation; the
alternative hypothesis is that egg activation is due to
receptor mediated signal transduction (Dale et al., 1985;
Foltz and Shilling, 1993; Jaffe, 1989; Swann, 1990; Whitaker
and Swann, 1993).
To examine the possibility that the increased kinase
activity was due to activation of an egg kinase by the
introduction of an activating factor or signaling protein
supplied by the sperm, lysates prepared separately from
both unfertilized eggs and from acrosome-reacted sperm
were mixed prior to incubation with the PLC-g SH2 fusion
protein (see Materials and Methods). The kinase activity
resulting from this mixed preparation was similar to the
activity from unfertilized egg lysates alone (Fig. 2A, com-
pare lanes 1 and 6), suggesting that a sperm protein is not
directly activating the kinase(s) that associates with the
PLC-g SH2 domain fusion protein.
To assess whether or not the bound, 32P-labeled proteins
PLC-g SH2 domains. TX-100 soluble proteins were prepared from
m addition, or from acrosome reacted sperm (S) according to the
ein from egg samples (UF, 15, 60), 50 mg of sperm protein (S) or a
S 1 UF) were incubated with 5 mg of the indicated fusion protein
arose beads. After washing, bound proteins were equilibrated in
rophoresis through 10% polyacrylamide–SDS gels. Gels were dried
ion products. The PLC-g SH2 fusion protein alone (FP, lane 4) was
bility that the fusion protein itself had any activity. Arrowheads
ote that the PLC-g SH2-MUT protein is slightly larger than the
two high Mr proteins that range from Mr 136–142 K and 118–121
). (B) Autoradiograph of in vitro kinase reaction products stripped
and 6 in A) with 1% SDS followed by dilution of the SDS to 0.1%
f labeled proteins were obtained using three separate preparations












rns oontained phosphotyrosine, they were eluted from the
mmobilized fusion protein, immunoprecipitated with an



























193Src Family Kinase and PLC-g at Egg Activationantibody specific for phosphotyrosine, gel fractionated, and
detected by autoradiography (Fig. 2B). The antiphosphoty-
rosine immunoprecipitates of fertilized egg lysates (Fig. 2B,
lanes 2 and 3), but not unfertilized egg lysates or the sperm
lysates (Fig. 2B, lanes 4 and 5) contained 32P-labeled pro-
eins. To insure specificity in the immunoprecipitation
tep, free orthophosphotyrosine was used as a competitive
nhibitor. In the presence of ortho-phosphotyrosine, no
32P-labeled egg proteins were immunoprecipitated from the
material that had bound to the PLC-g fusion protein (data
not shown). Although these results indicate that tyrosine
phosphorylated proteins associate with PLC-g SH2 domains
at fertilization, they do not demonstrate that the kinase
activity associated with the fusion protein is indeed a
tyrosine kinase, as the phosphotyrosine may have been
present prior to conducting the kinase assay.
Therefore, to determine if a tyrosine kinase activity was
associated with the PLC-g SH2 domains, synthetic peptides
that serve as tyrosine kinase substrates were used in the in
vitro kinase assays. A peptide representing residues 6–20 of
the p34cdc2 protein, which serves as a substrate for tyrosine
inases, was labeled when added to the in vitro kinase assay of
the proteins that associated with PLC-g SH2 domains from
fertilized egg lysates (Fig. 3A, lane 3). This peptide has been
described as a substrate for Src family kinases and is not
known to serve as a substrate for serine/threonine kinases
(Cheng et al., 1992); however, it does contain a threonine (see
Materials and Methods) and thus could be a potential sub-
strate for a serine/threonine kinase. Therefore, a second pep-
tide substrate, corresponding to the tyrosine autophosphory-
lation site of pp60src (Casnellie et al., 1982) was used to
onfirm tyrosine kinase activity (Fig. 3B); this peptide sub-
trate contains only a tyrosine as a potential site for phosphor-
lation (see Materials and Methods). Using the phosphoryla-
ion of the peptides as an indicator, the amount of tyrosine
inase activity associating with PLC-g SH2 domains was
observed to increase at 1 min postfertilization versus the
unfertilized time point (Fig. 3A, compare lanes 1 and 3; Fig. 3B,
compare lanes 1 and 2). No fertilization-dependent increase in
kinase activity was detected when kinase assays were per-
formed on material bound to GST alone (Fig. 3A, lanes 5 and
6; Fig. 3B, lane 3). These results indicate that at least a portion
of the kinase activity associated with the PLC-g SH2 domains
s due to a tyrosine kinase.
To investigate the dynamics of this fertilization-inducible
gg tyrosine kinase more extensively, a time course experi-
ent was conducted. In order to facilitate rapid sample
reparation, eggs were lysed in buffer containing TX-100 at
arious times after sperm addition and the total soluble
rotein was incubated with the PLC-g SH2 fusion protein. In
vitro kinase assays were conducted on the bound material and
the labeled proteins were analyzed by SDS–PAGE and autora-
diography. A fertilization-induced change in the kinase activ-
ity associating with the PLC-g SH2 domain fusion protein was
etected by 15 s postfertilization, reached a maximal level by
min postfertilization, and then gradually decreased (Fig. 4).
imilar to the experiment shown in Fig. 2, the two major
Copyright © 1999 by Academic Press. All rightroteins of Mr ;140 K and ;120 K were labeled (Fig. 4,
rrows). Phosphorylation of these endogenous, associated pro-
eins provides a convenient means of monitoring the kinetics
f PLC-g SH2 associated kinase activity; however, the concen-
trations of these proteins in each sample may be limiting.
Therefore, the quantification of enzymatic activity at each
time point cannot be determined by this method. Nonethe-
less, these results coupled with those using the exogenous
peptide substrate (Fig. 3) indicate that tyrosine kinase activity
associates with PLC-g SH2 domains in a fertilization-
dependent manner with a rapid time course that is consistent
with a function in signaling calcium release at fertilization.
An Egg Src Family Tyrosine Kinase Associates
with PLC-g SH2 Domains Immediately after
ertilization
FIG. 3. Fertilization-dependent phosphorylation of tyrosine ki-
nase peptide substrates by kinase activity associating with PLC-g
SH2 domains. Particulate fractions were prepared from unfertilized
eggs (UF) or eggs 60 s after sperm addition (F) followed by solubi-
lization in TX-100 buffer (see Materials and Methods). TX-100
soluble protein (1 mg) from each time point was incubated with 5
mg of the indicated fusion protein (PLC-g SH2 or GST) immobilized
n glutathione agarose beads. After washing, bound proteins were
quilibrated in kinase buffer and subjected to an in vitro kinase
ssay containing 250 mM of the p34cdc2 peptide substrate (A) or 250
mM Src pp60 autophosphorylation site peptide (B). One quarter of
each reaction volume was separated on a 10–20% acrylamide
Tris-tricine gel. After drying, the gel was exposed to film for 8 h (A)
or 31 h (B). Only the portion of the gels showing the position of the
peptide substrates are shown. For (A), lanes 1, 3, 5, and 7 are kinase
reactions containing peptide; lanes 2, 4, and 6 are kinase reactions
without peptide. Lane 7 is a fusion protein mock affinity interac-
tion and subsequent kinase reaction. For (B), lanes 1–4 are kinase
reactions with peptide present while lane 5 is a kinase reaction
without the peptide substrate. Lane 4 is a fusion protein mock
affinity interaction and subsequent kinase reaction. The same
results were obtained in three separate experiments using eggs
from three different starfish.Previous work has shown that the tyrosine phosphoryla-
tion state of sea urchin egg proteins changes as early as 15 s
















































194 Giusti et al.postinsemination and that tyrosine kinases are activated by
fertilization (Ciapa and Epel, 1991; Kinsey, 1997; Peaucel-
lier et al., 1988; Satoh and Garbers, 1985; Walker et al.,
996). A number of nonreceptor tyrosine kinases, particu-
arly the Src-family kinases, have been detected in echino-
erm eggs (Kamel et al., 1986; Kinsey, 1996, 1997; Moore
nd Kinsey, 1994; Peaucellier et al., 1993; Sakuma et al.,
997; Wessel et al., 1995). Therefore, we used a polyclonal
ntibody raised against a highly conserved region of Src
amily tyrosine kinases to investigate the possibility that a
rc-like tyrosine kinase may be responsible for the
ertilization-induced change in tyrosine kinase activity as-
ociating with the PLC-g SH2 domain fusion protein, as has
een shown in some other signaling systems (Nakanishi et
l., 1993; Sillman and Monroe, 1995; Weber et al., 1992).
This polyclonal antibody, designated SRC-2, is directed
gainst the conserved C-terminal region of vertebrate Src
amily members (amino acids 509–533 of human c-Src) and
as been shown to recognize Src, Fyn, and Yes (Santa Cruz
iotechnology). Immunoblots of starfish egg proteins indi-
FIG. 4. Time course of kinase activity associated with PLC-g SH2
omains. Total egg lysates were prepared from unfertilized eggs
UF) or from eggs at the indicated times after sperm addition. 1 mg
f TX-100 soluble protein from each time point was incubated with
mg of PLC-g SH2 domain fusion protein immobilized on gluta-
hione agarose beads. After washing, bound proteins were equili-
rated in kinase buffer and subjected to an in vitro kinase assay,
ollowed by electrophoresis through 10% polyacrylamide–SDS
els. Gels were dried and exposed to film for 40 h. Lane 9 is a fusion
rotein mock control. The arrowhead indicates 32P-labeling of the
LC-g SH2 domain fusion protein. Arrows denote the ca. Mr ;140
K and ;120 K labeled proteins. The same results were obtained in
five experiments using eggs from five different starfish. The Mr
standards (x1000 Da) are indicated on the left. Note that when
lysates are made from whole eggs, the fusion protein (arrowhead) is
heavily labeled during the in vitro kinase reaction as compared to
hose of egg particulate fractions (see Fig. 2). This labeling does not
ppear to be fertilization-dependent, as all of the time points have
quivalent amounts of labeled fusion protein. There are tyrosines
hat could serve as potential phosphorylation sites in the SH2
omains of PLC-g; however, these tyrosines are not thought to be
involved in regulation of PLC-g activity (Rhee and Bae, 1997).ate that the antibody recognizes two bands on immuno-
lots of total egg proteins; one at ca. Mr 58 K, the expected
w
f
Copyright © 1999 by Academic Press. All rightize of Src family kinases, and one at ca. Mr 70 K (Fig. 5,
lanes 1 and 2). The amounts of these proteins remain
constant after fertilization. The 58-kDa protein is enriched
in the particulate fraction of eggs, while the 70-kDa protein
is not (compare Fig. 5, particulate fractions, lanes 1 and 2,
with Fig. 6, total egg lysates, lane 9). This partitioning is a
common characteristic of many Src family members
(Brown and Cooper, 1996). Based on the molecular weight,
enrichment in the particulate fraction, and immunoreactiv-
ity with the Src family antibody, we refer to the p58 protein
as “Src-like.” The identity of the 70-kDa protein is un-
known.
To determine if the p58, SRC-2 immunoreactive protein
associated with the PLC-g SH2 domain fusion protein,
affinity interactions were conducted followed by immuno-
blotting with the Src-family antibody (Fig. 5). The p58
protein associated with the PLC-g SH2 domain fusion
FIG. 5. Starfish eggs contain a Src family tyrosine kinase that
binds specifically to PLC-g SH2 domains only after fertilization.
articulate fractions were prepared from unfertilized eggs (UF), eggs
0 s after sperm addition (F), or acrosome-reacted sperm (S) fol-
owed by solubilization in TX-100 buffer (see Materials and Meth-
ds). 1 mg of TX-100 soluble protein from each time point was
ncubated with 5 mg of the indicated GST fusion protein (PLC-g
SH2, PLC-g SH2-MUT, or SHP2 SH2) immobilized on glutathione
garose beads. After washing, the bound proteins were electropho-
esed through a 10% polyacrylamide–SDS gel and transferred to
itrocellulose for immunoblotting. Blots were probed with a poly-
lonal antibody to Src family tyrosine kinases (SRC-2), followed by
RP-conjugated secondary antibody and ECL detection. Lanes 1–3
ach contain 20 mg of lysate from unfertilized eggs, fertilized eggs,
nd acrosome-reacted sperm. Lanes 4–10 are affinity interactions.
he p58, immunoreactive protein that associates with the PLC-g
SH2 domain fusion protein is indicated by the arrow. Immunoblot
analyses were repeated 12 times using eggs from 9 different starfish
with the same results each time. The Mr standards (x1000 Da) are
indicated on the left. The immunoreactive, higher Mr band (ca. Mr
70 K) in the SRC-2 immunoblots (*) is one of the two immunore-
active bands present in starfish egg lysates. Association of this
unidentified protein with the PLC-g SH2 domain fusion proteinas not detected, and it is found predominantly in the cytosol after
ractionation of starfish eggs (compare Figs. 5 and 6).








































195Src Family Kinase and PLC-g at Egg Activationprotein in a fertilization-dependent manner (Fig. 5, lanes 4
and 5). Interaction of the p70 protein with the fusion
protein was not detected. The association of the Src-like
p58 protein is specific for the functional tandem SH2
domains of PLC-g, as it does not interact with the nonfunc-
ional, point-mutated PLC-g SH2 domains (Fig. 5, lanes 7
nd 8) or with the tandem SH2 domains of the protein
yrosine phosphatase SHP2 (Fig. 5, lanes 9 and 10). Immu-
oblots of total egg lysates demonstrate that equivalent
mounts of the c-Src immunoreactive protein are solubi-
ized from both unfertilized and fertilized time points (Fig.
, lanes 1 and 2), eliminating the possibility that the
pparent fertilization-dependent interaction of the p58 Src-
ike protein with the PLC-g SH2 domains is due merely to
he presence of more soluble Src-reactive protein in the
ertilized lysate.
We also investigated the possibility that the p58 Src
amily protein may be supplied by the sperm. No detectable
mmunoreactivity was observed in total sperm lysates
nalyzed by immunoblotting (Fig. 5, lane 3). Further, no
etectable SRC-2 immunoreactivity was associated with
FIG. 6. Time course of the interaction of the p58 Src family
protein with the PLC-g SH2 domain fusion protein during fertili-
ation. Total egg lysates were prepared from unfertilized eggs (UF)
r from eggs at the indicated times after sperm addition. 1 mg of
X-100 soluble protein from each time point was incubated with 5
mg of the PLC-g SH2 domain fusion protein immobilized on
glutathione agarose beads. After washing, the bound proteins were
subjected to electrophoresis through a 10% polyacrylamide–SDS
gel and transferred to nitrocellulose for immunoblotting. Blots
were probed with a polyclonal antibody to Src family kinases
(SRC-2), followed by HRP-conjugated secondary antibody and ECL
detection. Lane 1, PLC-g SH2 fusion protein mock (FP); lanes 2–8,
LC-g SH2 affinity interactions; lane 9, 20 mg of total lysate (T)
prepared from eggs at the 30 s postfertilization time point. The p58
SRC-2 immunoreactive protein that bound to the PLC-g SH2
domain fusion protein is indicated by the arrow. Note that the
higher Mr, immunoreactive protein indicated by the asterisk (*)
oes not associate with the PLC-g SH2 domain fusion protein. The
experiment was repeated three times using eggs from three differ-
ent starfish with the same result. The Mr standards (x1000 Da) are
indicated on the left.he PLC-g SH2 fusion protein after incubation with sperm
lysates (Fig. 5, lane 6). Therefore, as was the case with the
Copyright © 1999 by Academic Press. All righttyrosine kinase activity, the Src-like protein which associ-
ates with PLC-g SH2 domains appears to be egg-derived,
nd its interaction with PLC-g SH2 is fertilization depen-
ent. Neither the kinase activity nor the p58 Src family
rotein associate with the SH2 domains of SHP2 or the
onfunctional, point-mutated PLC-g SH2 domains, coin-
iding with the findings of Carroll et al. (1997) in which
hese control proteins exhibited no effect on Ca21 release
when injected into starfish eggs.
Because the association of the Src family protein with the
PLC-g SH2 domain fusion protein is fertilization dependent
(Fig. 5), we investigated the kinetics of the interaction.
Affinity interactions were conducted using total egg lysates
prepared from eggs at various times postfertilization and
the bound material was analyzed by immunoblotting with
the SRC-2 antibody (Fig. 6). Equivalent amounts of the p58
protein were solubilized from each time point (data not
shown). Detectable binding of the egg p58 protein to PLC-g
SH2 domains was observed 15 s postinsemination and
binding was maximal by 5 min postfertilization (Fig. 6). In
order to test if the p58 Src-like protein is responsible for the
tyrosine kinase activity that associates with the PLC-g SH2
omains, we attempted to deplete the lysates by immuno-
recipitating p58 prior to conducting the affinity interac-
ion. Unfortunately, we were unable to do this because
lthough the SRC-2 antibody does precipitate some kinase
ctivity, it does not allow for quantitative immunoprecipi-
ation studies (data not shown and Santa Cruz Biotechnol-
gy, Inc.).
Calcium Is not Sufficient for Association of Kinase
Activity or the Src Family Protein with PLC-g SH2
Domains
If the starfish egg tyrosine kinase activity and the p58 Src
family protein observed to bind the PLC-g SH2 domain
usion protein are necessary for activation of endogenous
LC-g, as would be predicted based on the experiments of
arroll et al. (1997), then the binding should occur prior to
a21 release. Alternatively, interaction of the p58 protein
with the PLC-g SH2 fusion protein could be a consequence
f a rise in internal Ca21 levels; there is some evidence of
Ca21-responsive tyrosine kinase activity in sea urchin eggs
(Ciapa and Epel, 1991; Kinsey, 1984; Satoh and Garbers,
1985). To test if binding of the tyrosine kinase activity or of
the Src-like protein to the PLC-g SH2 fusion protein could
be promoted by release of intracellular Ca21, mature eggs
were treated with sea water containing the calcium iono-
phore A23187. Fertilization envelope elevation occurred by
4 min, at which time lysates were made and incubated with
the fusion proteins. There was no observable increase in
kinase activity associating with PLC-g SH2 domains after
incubation with lysates from ionophore-activated eggs (Fig.
7A, lane 4). Furthermore, the binding of the egg p58 Src
family protein was not detected when PLC-g SH2 fusion
protein was incubated with ionophore-activated egg lysates
(Fig. 7B, lane 4). Therefore, Ca21 is not sufficient to promote




















196 Giusti et al.the association of the tyrosine kinase activity or of the
Src-like protein with the PLC-g SH2 domains.
DISCUSSION
The data presented here indicate that a starfish egg
tyrosine kinase activity interacts with the SH2 domains of
PLC-g in a fertilization-dependent manner. Further, a pro-
ein of ca. Mr 58 K that is specifically recognized by an
antibody directed against Src family kinases also associates
with PLC-g SH2 domains in a fertilization-dependent man-
er. These in vitro biochemical data suggest that an egg
Src-like tyrosine kinase may be a component of the signal-
ing pathway leading to PLC-g activation at fertilization.
Due to a lack of any cross-reacting antibodies, it has not
een shown directly that PLC-g is present in starfish eggs.
However, expression in starfish eggs of a mammalian
PDGF/FGF receptor, shown in mammalian cells to release
Ca21 via PLC-g, also mediates Ca21 release in response to
PDGF application to the eggs (Shilling et al., 1994). Further,
since IP3 is produced at fertilization in echinoderm eggs
Ciapa and Whitaker, 1986; Kamel et al., 1985; Lee and
FIG. 7. Calcium release does not promote the association of kin
fusion protein. Total egg lysates were prepared from unfertilized e
(I). 1 mg of TX-100 soluble protein from each time point was incu
on glutathione agarose beads. After washing, the sample was div
proteins were equilibrated in kinase buffer and subjected to an in vit
Tris-tricine gel which was subsequently dried and exposed to film
PLC-g SH2 fusion protein alone was subjected to the kinase assay. T
140 K and ;120 K proteins which are labeled consistently. Fert
ssociation of kinase activity with the fusion protein. (B) For the p
0% polyacrylamide–SDS gel and transferred to nitrocellulose for i
ollowed by HRP-conjugated secondary antibody and ECL detectio
otal lysate from unfertilized eggs (UF), eggs 60 s postfertilizatio
mounts of the p58 protein are present in the lysates. The p58, SRC
) but not ionophore activation (lane 4) resulted in association of th
immunoreactive, higher Mr protein indicated by the asterisk (*) is no
using eggs from three different female starfish. The Mr standards (hen, 1998) and IP3 production is necessary for Ca21 release,
ased on inhibition by heparin and pentosan polysulfate s
Copyright © 1999 by Academic Press. All rightMohri et al., 1995), it is likely that some form of PLC is
ctivated at fertilization. However, it will be important to
etermine if endogenous egg PLC-g is indeed tyrosine
phosphorylated and activated at fertilization, and to deter-
mine if the p58 Src family protein or any other proteins can
be coimmunoprecipitated with egg PLC-g, which would
confirm the in vitro results presented here.
A Fertilization-Dependent Tyrosine Kinase
Activity Associates with PLC-g SH2 Domains
The working model for SH2-mediated protein–protein
interactions is that specific SH2 domains bind to specific
proteins at a phosphotyrosine-containing site and in a
phosphorylation-dependent manner (Gish et al., 1995; Law
et al., 1996; Maa et al., 1994; Ottinger et al., 1998; Roche et
l., 1996; Songyang et al., 1993; Weber et al., 1992). In the
case of PLC-g, an activated kinase (either a receptor or
nonreceptor tyrosine kinase, depending on the particular
signaling pathway) associates with PLC-g SH2 domains and
phosphorylates PLC-g on tyrosines 783 and 1254, thus
activating PLC-g enzymatic activity (Rhee and Bae, 1997;
oulton et al., 1994; Kim et al., 1990, 1991).
ctivity or the p58 Src family protein with the PLC-g SH2 domain
F), eggs 60 s after sperm addition (F), or ionophore-activated eggs
with 5 mg of the PLC-g SH2 domain fusion protein immobilized
equally for parallel experiments. For one experiment, the bound
nase assay (A). The reaction was separated on a 10–20% acrylamide
h. FP indicates the fusion protein mock experiment in which the
rrowhead indicates labeled fusion protein. The arrows indicate the
ion (lane 3) but not ionophore activation (lane 4) resulted in the
el experiment, the bound proteins were electrophoresed through a
noblotting. Blots were probed with the SRC-2 polyclonal antibody
nes 1–4 are affinity interactions; lanes 5–7 each contain 20 mg of
and ionophore-activated eggs (I), demonstrating that equivalent
munoreactive protein is indicated by the arrow. Fertilization (lane
protein with the PLC-g SH2 domain fusion protein. Note that the
nd by the fusion protein. Similar results were obtained three times













e p58The data indicate that protein tyrosine kinase activity
pecifically associates with PLC-g SH2 domains at fertili-




























197Src Family Kinase and PLC-g at Egg Activationzation. The lack of kinase activity binding to a nonfunc-
tional PLC-g fusion protein containing point mutations in
ach of its SH2 domains indicates that binding requires a
unctional SH2 domain.
A fertilization time course experiment revealed an in-
rease in kinase activity associating with PLC-g SH2 by 15 s
postfertilization, consistent with the hypothesis that an egg
tyrosine kinase may be an upstream activator of PLC-g in
response to fertilization. Ca21 release is observed at 36 6 5 s
n 5 14 eggs, 4 animals) after addition of a concentrated
perm suspension to a recording chamber at 18°C (D. J.
arroll and L. A. Jaffe, personal communication), requiring
hat a kinase involved in activation of PLC-g associate with
t very rapidly at fertilization, as we have observed in these
tudies.
A Src Family Kinase Associates with PLC-g SH2
omains
Several Src family tyrosine kinases have been identified
in echinoderm eggs based on activity, immunological cross-
reactivity or partial sequence analysis of rtPCR products
(Kamel et al., 1986; Kinsey, 1996, 1997; Moore and Kinsey,
994; Peaucellier et al., 1993; Sakuma et al., 1997; Wessel et
l., 1995). In sea urchin eggs, Fyn p59 tyrosine kinase is
ctivated at approximately 5 min postinsemination (Kin-
ey, 1996, 1997). An unidentified, ca. Mr 57 K protein that
coincides with tyrosine kinase activity also has been de-
scribed (Peaucellier et al., 1993; Walker et al., 1996). Fi-
nally, a “Src-like kinase activity,” which apparently is
distinct from that of the 57-kDa-associated activity, also
has been described in sea urchin eggs (Kamel et al., 1986).
Here, we show that a polyclonal antibody directed against a
highly conserved region of vertebrate Src family proteins
identifies a ca. Mr 58 K protein enriched in the particulate
raction of starfish eggs, a characteristic of Src family
embers (Brown and Copper, 1996). This putative Src
amily protein binds to PLC-g SH2 domains in a
ertilization-dependent manner (Figs. 5 and 6).
The time course of the starfish egg p58 Src-like protein
inding to PLC-g SH2 domains parallels precisely the time
course of tyrosine kinase activity associating with PLC-g
SH2 domains. That is, the presence of the Src family protein
correlates with kinase activity. It is possible that a different
kinase(s) in these affinity interaction complexes is respon-
sible for the kinase activity. A number of tyrosine-
phosphorylated proteins bind to the PLC-g SH2 domains
(data not shown) and any of these is a candidate kinase or
other regulatory protein. Development of reagents that are
specific for the echinoderm p58 protein will allow for
experiments that quantify the kinase activity in unfertil-
ized and fertilized eggs and that will determine precisely if
the Src-like protein is responsible for the kinase activity
that associates with PLC-g SH2 domains at fertilization.
Copyright © 1999 by Academic Press. All rightThe Signaling Pathway Leading to Ca21 Release at
ertilization
If a tyrosine kinase is a component of the pathway leading
to activation of endogenous PLC-g in eggs, one would
redict that the activation of the enzyme would be fertili-
ation dependent and occur prior to, or upstream of, the rise
n cytosolic free Ca21 observed at fertilization. The associa-
tion of tyrosine kinase activity with PLC-g SH2 domains is
dependent on fertilization (Figs. 2–4), as is the association
of the p58 Src-like protein (Figs. 5 and 6). Ca21 is not
sufficient to promote association of either the p58 protein
or the kinase activity with PLC-g SH2 domains (Fig. 7).
Further, the timing of the association of both the tyrosine
kinase activity and the p58 protein with PLC-g SH2 do-
mains (by 15 s) suggests that these events precede internal
Ca21 release (at 36 6 5 s postinsemination).
A simple model for how initiation of Ca21 release may be
chieved at fertilization is shown in Fig. 8. Sperm contact or
usion somehow results in the “activation” of an egg Src
amily tyrosine kinase which then either directly or indi-
ectly activates PLC-g via association through the lipase’s
SH2 domains. PLC-g then hydrolyzes PIP2 to form IP3 and
DAG, and IP3 triggers Ca21 release from the ER via the IP3
receptor. Based on the data presented here, we propose that
there is an egg tyrosine kinase activity that associates with
the PLC-g SH2 domains in response to the “fertilization
signal,” thereby regulating PLC-g activity. The egg p58
Src-like protein is a candidate kinase in this pathway based
on its fertilization-dependent association with PLC-g SH2
domains. The fertilization signal (Fig. 8) may result in
modulation of the tyrosine kinase activity, modulation of
the association of an already active kinase with the PLC-g
target, or a combination of both. It also is possible that a
FIG. 8. A model for the activation of PLC-g at fertilization.
Sperm–egg contact and/or fusion results in a fertilization signal
which acts on an egg Src-like tyrosine kinase. The tyrosine kinase
activates PLC-g directly or indirectly, with the PLC-g SH2 domains
being required for the activation event. The production of IP3 leads
to the release of Ca21 through the IP3 receptor. Both Ca21 and
diacylglycerol contribute to egg activation events. See Discussion.series of kinases, perhaps including a sperm-derived kinase
or other signaling protein(s), operate upstream of PLC-g.
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